Selenium is a naturally occurring element of considerable biological interest because of the small difference between concentrations which are physiologically essential and concentrations which are toxic to organisms (6). Groundwater contamination by selenium occurs and is primarily a result of its solubilization and migration from soil due to chemical, physical, and biological processes. Selenium is found commonly in four inorganic oxidation states (6). Selenate (+VI valence state), the most oxidized form of selenium, and selenite (+IV valence state) are highly water soluble and are known to be toxic to biological systems at relatively low concentrations (parts per million). Elemental selenium (+0 valence state) is highly insoluble in water and therefore has minimum toxicity. The most reduced form of selenium is selenide (-II valence state), which may be a highly toxic gas but is seldom a biological threat because it is readily oxidized to insoluble elemental selenium in the presence of air.
Microorganisms possess the capacity to oxidize or reduce a wide variety of selenium-containing compounds (12). Microbial genera observed to have this ability include Acinetobacter (4), Aeromonas (4, 5), Arthrobacter (4) , Bacillus (4, 17) , Candida (9, 15), Cephalosporium (2), Citrobacter (4) , Corynebacterium (4, 8) , Flavobacterium (4, 5) , Fusarium (2), Micrococcus (19), Neurospora (20), Penicillium (2, 3), Pseudomonas (4, 5) , Salmonella (14) , Scopulariopsis (2), and Selenomonas (11) . While microbial reduction of selenite to insoluble elemental selenium and selenide has been widely reported (2-5, 7-11, 14, 17, 19, 20) , reports of selenate being reduced to selenite, elemental selenium, or selenide (2-4, 7, 8) are less numerous. The reported extent of reduction is lower for selenate than for selenite. Microbial reduction of elemental selenium to selenide (7, 8, 19 ) and oxidation of elemental selenium to selenite and selenate have also been reported (17) .
Although bacteria actively transform compounds containing selenium, the extent of microbial involvement in the natural biogeochemical cycling of selenium is unknown. This study was (Table 1 ). All of the soil samples (7 of 7), 12 (92%) of 13 sediment samples, and only 1 (4%) of 24 water samples exhibited selenate reduction in media initially containing 10 mg of selenate per liter. Microbial growth and reduction of selenate were observed more frequently in media containing sodium lactate or glycerin than in media containing glucose. Sodium lactate was generally associated with a more rapid formation of red precipitate than occurred with glycerin and was therefore chosen as the carbon source for further testing.
Total soluble selenium (Se +IV plus Se +VI) was determined by sample centrifugation (13,000 x g) and analysis of the supernatant by atomic absorption flame spectrophotometry (196.0 nm). Soluble selenite was quantified colorimetrically by the following procedure. To 500 p.l of extracted supernatant, 40 ml of deionized H20 (pH 1.70) and 1 ml each of EDTA-sulfate reagent and diaminobenzidine solution (1) were added. The tube containing this solution was placed in a boiling water bath for 5 min and then removed from the bath and cooled to ambient temperature. Ammonium hydroxide (5 N) was added until the pH was 8.5 + 0.5. The solution was poured into a 50-ml graduated cylinder, and the volume was adjusted to 50 ml with rinsings of water (pH 8.5) from the empty tube. The solution was then poured into a Cultures possessing selenate reduction capability were streaked for isolation, and each was found to contain several morphologically distinct bacterial colonies. All isolates were gram-negative, facultatively aerobic, catalase-and oxidasepositive rods. Although each isolate was found to have the ability to reduce and precipitate -80% of the selenite from a solution initially containing 100 mg of selenite per liter, only one isolate was capable of reducing selenate in pure culture. Strains which were incapable of reducing selenate in pure culture exhibited selenate reduction only when incubated in mixed culture. This observation indicates the possible existence of synergic relationships between these bacteria, which result in selenate reduction.
Selenate reduction trend. Inocula from the eight cultures which grew readily in a medium containing a selenate concentration of 10 mg/liter were transferred to basal salts media containing 100 mg of selenate and 2 g of lactate per liter. During culture growth, microbial quantification was estimated by direct cell counts with a Petroff-Hausser counting chamber, and concentrations of various oxidation states of selenium were assessed. Analyses revealed that all the selenate had been reduced to other forms of selenium after 3 weeks. Selenite was present in concentrations ranging from 40 to 80 mg/liter, indicating that 20 to 60 mg of selenium per liter had been reduced to insoluble selenium, a volatile selenide form, or both. The uninoculated control medium was found to contain the initial selenate concentration.
Five repetitions of this reduction experiment were conducted with the culture which exhibited the most extensive ability to reduce selenate and selenite. Samples were withdrawn periodically over an 18-day period and analyzed for selenium concentrations and microbial yield (Fig. 1) . Typi- cally, there was a rapid initial reduction of selenate to selenite which was complete within 4 to 11 days after inoculation. When -90 to 95% of the selenate was reduced to selenite, the reduction of the selenite and precipitation of the resulting selenium compound began. The extent of this reduction stage was variable, with 20 to 80% of the selenium being removed from solution. Although measurements to verify the formation of selenide during the reduction processes were not made, such formation was presumed to occur, since 10 to 18% of the original 100 mg of selenium per liter was not detected in a soluble or insoluble form by the analytical methods described above.
Effect of initial lactate and selenate concentration on selenate reduction ability. Tests were performed to determine the effects of initial carbon and selenate concentrations on microbial selenate reduction. An increased extent of selenate reduction occurred with increasing initial lactate concentrations over the range of 0.5 to 5 g/liter and was similar at 5 and 10 g/liter (Fig. 2) . The rate of reduction increased with increasing carbon concentrations (from 0.5 to 10 g/ liter). Further reduction of the remaining selenite appeared to be inhibited when >50 mg of selenium per liter had been reduced to below a +IV oxidation state. This effect was assumed to be the result of end product inhibition or a limiting substrate other than carbon. Results also indicated that for initial carbon concentrations of <1 g/liter, increasing the initial selenate concentration above 10 mg/liter resulted in a decreased efficiency of reduction. When the initial carbon concentration was 5 or 10 g/liter, a decrease in reduction efficiency (i.e., a deviation from the theoretical maximum) was observed at or above an initial selenate concentration of 47 mg/liter (Fig. 3) .
Results of this research indicate that organisms resistant to elevated levels of soluble selenium exist and are capable of reducing selenate in concentrations of up to 100 mg/liter to less oxidized forms. Although some physical-chemical techniques for the removal of selenate are available, they are inefficient at present (13, 16 
